The effect of this instability on dynamic response is then examined by imposing a harmonic pitch oscillation on the airfoil. The resulting hysteresis loops help to further clarify various anomalies which have been observed in the past (for example, non-zero mean lift in response to oscillation about zero mean angle 3 )• In the fourth section, the effect of the boundary layer on the flow is exami ned. The results of a simple numeri cal test i ndi cate that a fully interactive boundary layer does not significantly alter the stability of the inviscid equilibrium states.
Description of the Flow Regime and Algorithm
The problem examined in the present study is an NACA 0012 airfoil at and near zero angle of attack at Mach numbers between 0.8 and 0.9. This case was chosen to correspond to Salas' earlier work on steady flow. 2
All the results reported herein were generated with the conservative, Since the present results are based on the small disturbance approximation, they are subject to transonic similarity rules. Hence most of the conclusions can be applied directly to any member of the OOXX series of airfoils. These scaling transformations are discussed in the Appendix.
Symmetric Flow Results
A baseline series of calculations was performed with the airfoil held fixed at zero angle of attack in a uniform free stream with Mach number ranging from 0.81 to 0.86. In the first run the airfoil was "turned on" in a uniform stream at M= 0.81 and the flow was allowed to develop to a steady state. This simulation spanned some 60 chords of travel (about 600 time steps). In the second run, the Mach number was re-set to 0.82, and the calculation continued from the 0.81 steady state until a new steady state was achieved. This process was repeated in Mach number increments of 0.01 to M= 0.86. In each successive simulation, the flow appeared to reach a symmetric equilibrium in from ten to twenty chords of travel. The resulting steady pressure distributions are shown in Fig. 1 .
In reality, however, these calculations would not all converge to a symmetric equilibrium if continued indefinitely. If the apparently converged solution at M = 0.85, for example, is restarted with a large time step (corresponding to two chords of travel per step) the lift diverges exponentially, as shown in Fig. 2 . In this case the lift history is, approxi mate1y, where CL o is of order 10-12 (since the initial asymmetry is a result of truncation error), and the growth rate, s, is roughly 0.01 U/c. These numbers explain why the instability was not observed in the original calculation: the It is important to note that the same growth rate is observed regardless of the time step (a large step is necessary only to capture a significant growth in a reasonable computational time). If the instability were numerical in origin, the growth rate would depend on~t. We conclude that the instability must be a property of the differential equation.
In order to examine the long time evolution of these unstable flows it is clearly desirable to introduce a controllable disturbance, rather than relying on truncation errors.
Pulse Responses
The stability of the symmetric equilibria described in the previous section was tested as follows: starting from the symmetric flow the airfoil was pitched up to 1/4 0 angle of attack and back to zero with a slow Gaussian pulse. The half width of the pulse was 40 and the time step 2 chords travelled -so that the pulse duration is comparable to the instability time scale and the time increment is small enough to resolve the disturbance and long enough to give the post-pulse history in a reasonable number of steps.
The resulting dynamic lift responses are shown in Fig. 3 The harmonic response characteristics depend on the amplitude of the oscillation, the redu~ed frequency, k = wc/U, and, sometimes, on the way the oscillation is started. The test case chosen was this:
1) The flow field was initialized in the inviscid asymmetric steady state at a = 0+, M= 0.85.
2) The boundary layer was turned on and the flow field marched forward in time, simultaneously integrating the boundary layer and inviscid equations, with a and Mfixed.
Several outcomes of this test are conceivable:
a) The flow approaches a symmetric equilibrium b) The flow oscillates without approaching an equilibrium c) The flow approaches a new asymmetric equilibrium.
The actual outcome was (c): the boundary layer smears the shock profiles and displaces the shocks upstream, but does not alter the essential asymmetry of the flow. The initial and final pressure difference distributions are shown in Fig. 8 . This shift in the loading corresponds to a drop in CL from 0.307 with no boundary layer to 0.228 with a fully adjusted boundary layer.
The transition to the new viscous equilibrium was essentially complete within ten chords of travel. As a precaution the calculation was continued to over a hundred chords with no significant change.
Although the particular boundary layer model used in this calculation has several theoretical shortcomings, it is difficult to imagine that a more refined model would alter the basic conclusion: including boundary layer interactions in the small disturbance inviscid model does not cure its "unacceptable" dynamic properties.
Conclusions
The major conclusion to be drawn from the results presented here is clear: when solved as a weak conservation law, the transonic small disturbance equation predicts flow dynamics which are physically unexpected.
At lower supercritical Mach numbers there is one, stable, equilibrium state. out that Figure 9 is qualitatively correct, then either the phenomenon is real or it results from the neglect of viscous forces. In the latter event, a better model of viscous effects would be required than that used in the present investigation. In this regard it should be noted that existing experimental evidence (which is for relatively thick airfoils) does not preclude the phenomenon illustrated in Fig. 9 . It is quite possible that the flow instabilities reported here do in fact occur in nature, but that their domain of occurrence has simply not been studied experimentally.
Appendix Similarity Laws for the Instability Region
Since the instability is extraordinarily weak, it should be describable, A puzzling feature of the numerical results is the extremely slow growth rate of the instability, which has a time scale t N 100. This is not explained by the scaling law since in the middle of the unstable region (M = 0.85), the scaled time is t N 33. We give here a simple ad-hoc model of the instability, based on the scaling law and the computed equilibrium shock locus (Fig. 6 ), which does predict the correct growth rates.
Suppose that the shock velocity is governed by the differential equation 
